An Ac vely Heated Fiber Op cs (AHFO) method to es mate soil moisture is tested and the analysis technique improved on. The measurements were performed in a lysimeter uniformly packed with loam soil with variable water content profi les. In the fi rst meter of the soil profi le, 30 m of fi ber op c cable were installed in a 12 loops coil. The metal sheath armoring the fi ber cable was used as an electrical resistance heater to generate a heat pulse, and the soil response was monitored with a Distributed Temperature Sensing (DTS) system. We study the cooling following three con nuous heat pulses of 120 s at 36 W m −1 by means of longme approxima on of radial heat conduc on. The soil volumetric water contents were then inferred from the es mated thermal conduc vi es through a specifi cally calibrated model rela ng thermal conduc vity and volumetric water content. To use the pre-asympto c data we employed a me correc on that allowed the volumetric water content to be esmated with a precision of 0.01-0.035 (m 3 m −3 ). A comparison of the AHFO measurements with soil-moisture measurements obtained with calibrated capacitance-based probes gave good agreement for we er soils [discrepancy between the two methods was less than 0.04 (m 3 m −3 )]. In the shallow drier soils, the AHFO method underes mated the volumetric water content due to the longer me required for the temperature increment to become asympto c in less thermally conduc ve media [discrepancy between the two methods was larger than 0.1 (m 3 m −3 )]. The present work suggests that future applica ons of the AHFO method should include longer heat pulses, that longer hea ng and cooling events are analyzed, and, temperature increments ideally be measured with higher frequency.
In recent years, optical fi ber distributed temperature sensing (DTS) based on Raman scattering has been increasingly employed in environmental monitoring (e.g., Selker et al., 2006a; Selker et al., 2006b; Westhoff et al., 2007; Freifeld et al., 2008; Tyler et al., 2008 Tyler et al., , 2009 Vercauteren et al., 2011; Keller et al., 2011) . DTS has proven accurate to measure temperature along the entire fi ber optic cable (whose length can exceed 30,000 m), aff ording a spatial resolution of 1 m and temporal frequencies greater than one measurement per minute.
DTS has also been used to estimate distributed thermal properties from the response to the diurnal temperature cycle (Steele-Dunne et al., 2010) . Despite the attractive simplicity of DTS, which only requires the burial of the cable, the application is limited to conditions where there is a sensitive response to the diurnal cycle (e.g., sunny days, top bare soil, etc.). To overcome these limitations, variants have been proposed in which DTS is used to monitor the soil response to active heating of the metal sheath that protects the optical fi ber (Active Heated Fiber Optics method, AHFO). Th is method has been used to track groundwater water movement (e.g., Perzlmaier et al., 2004 Perzlmaier et al., , 2006 Aufl eger et al., 2005) and to measure soil moisture, where it has proven successful in distinguishing between dry, wet, and saturated soils (Weiss, 2003; Perzlmaier et al., 2004 Perzlmaier et al., , 2006 . Th is application of AHFO potentially off ers an alternative to more established techniques to measure soil moisture such as capacitance-based (CB) probes (see, e.g., Nadler and Lapid, 1996; Mohamed et al., 1997; Murdock, 2001, 2004) or Time Domain Refl ectometry (TDR) (see, e.g., Topp et al., 1980; Campbell, 1990; Topp et al., 2000; Robinson et al., 2003; Jones and Or, 2004; Seyfried and Murdock, 2004; Assouline et al., 2010) . A review of the state-ofthe-art of soil moisture measurement techniques was presented by Hopmans et al. (1999) and Robinson et al. (2008) . Weiss (2003) showed that it is possible to infer the water content from the soil-temperature response to active heating. Th e thermal properties of the soil were obtained through the An Actively Heated Fiber Optics method is tested to estimate soil moisture profiles along 30 meters of fiber optic cable buried in a large coil in a lysimeter variably saturated with depth. A comparison with independent soil moisture measurements shows an excellent matching in wet soil, while a significant underestimation occurs in dry condi ons.
classical probe method, which is based on an asymptotic analysis of the thermal response (see, e.g., Carslaw and Jaeger, 1959; deVries and Peck, 1958) , and the water content was inferred using a calibration equation. However, the method was unable to detect changes of soil moisture below 6%.
More recently, Sayde et al. (2010) proposed a diff erent approach which requires, in addition to DTS, independent measurements of water content. Th ey obtained an empirical calibration curve by fi tting the temperature increase as a function of the measured water content and suggested that this procedure might lead to more accurate water-content estimates by avoiding the use and consequent inversion of thermal properties.
However, the calibration curve depends heavily on the soil type and on the experimental setup (e.g., pulse duration and specifi c characteristic of the fi ber optic cable), and lacks a clear physical relationship between the coeffi cients and the physical parameters.
In this study, we test the AHFO technique using a large vertical coil installed within a lysimeter fi lled with loamy soil and we measure the spatial variability of the soil moisture. Similar to Weiss (2003) , we apply the cylindrical probe method (see, e.g., Carslaw and Jaeger, 1959; deVries and Peck, 1958) to analyze the temperature evolution and estimate the thermal conductivity along the cable. To improve the estimate of the thermal properties, we introduce a time correction ( Van der Held and Van Drunen, 1949; deVries, 1952; Shiozawa and Campbell, 1990; Bristow et al., 1994) that allows reducing the duration of the heat pulse and the consequent possible perturbation of the water content. Th e volumetric water content is obtained by inverting the thermal conductivity model of Lu et al. (2007) , with parameters specifi cally calibrated for our soil. Th e results were compared with independent soil moisture measurements made with capacitance sensors installed at several depths in the lysimeter.
Theore cal Background

Raman Backsca ering and DTS Measurements
When a pulsed laser beam propagates through a fi ber optic cable, a portion of the photons are backscattered and collected by a photodetector that quantifi es their intensity and the elapsed time between emission and detection. Any inhomogeneity of the optical fi ber causes backscattering; in addition to the cable end and possible ruptures of the cable, impurities and density fl uctuations contribute to the return signal measured by the photodetector. In all of these cases photons are usually backscattered at wavelength equal to wavelength of the incident laser beam (λ o = 1064 nm in our case). Th is elastic scattering is referred to as Rayleigh (elastic) backscatter and involves the largest portion of the energy of the returning light.
In addition to the elastic backscattering, a less intense, inelastic backscattering occurs in the optical fi ber, which is associated with the Raman eff ect and produces return signals of a diff erent wavelength than the incident beam. Th e signal characterized by a wavelength λ S > λ o is called the Stokes component, whereas the signal with wavelength λ A < λ o is called the Anti-Stokes component. Th e ratio between the intensity of these two components (equally spaced from λ o ) depends on the temperature. While Stokes backscattering is generated by silica molecules that are in the vibrational ground state, Anti-Stokes backscattering requires the molecule to be in a vibrational excited state and, therefore, increases with the thermal excitation. Th e ratio between the intensities of Anti-Stokes (I AS ) and Stokes (I S ) components depends exponentially on the temperature, T [i.e., I AS /I S ? exp(−ΔE/k B T ), where ΔE is the energy shift from the Rayleigh peak and k B the Boltzmann constant]. Th erefore, the temperature can be inferred from the relative intensity of the Anti-Stokes to Stokes components.
A suffi cient number of photons have to be collected to obtain a satisfactory signal-to-noise ratio and thus accurate temperature measurements. Th is determines the minimum time over which photons have to be collected and the maximum spatial resolution achievable by DTS. Usually, the lower limit to guarantee a good signal/noise ratio is on the order of 1 m (e.g., Weiss, 2003; Sayde et al., 2010) , which is the distance over which the temperature is averaged in DTS measurements. We refer to Gratton and Meggitt (2000) , Selker et al. (2006a Selker et al. ( , 2006b , and Tyler et al. (2009) for more details about the physical principle of DTS.
Es ma on of Thermal Proper es by the Probe Method
If an accurate technique to measure temperature is available, the thermal properties of the soil can be inferred from the temperature response to heating. In AHFO, the fi ber optic cable is used both as a temperature sensor (exploiting the dependence of the Raman scattering on temperature) and as a heat source by generating an electric current in the metal sheath that protects the fi ber.
Th e problem of a line heat source in a homogeneous medium is well known and has given origin to the probe method to measure the thermal conductivity of soil (see, e.g., Carslaw and Jaeger, 1959; deVries and Peck, 1958) . Th e simplest approximation is to consider the cable as an infi nitely long line source of infi nitesimal radius Carslaw and Jaeger (1959) , deVries and Peck (1958), Shiozawa and Campbell (1990) , Bristow et al. (1994) .
Analytical solutions also exist for the more realistic case of a cylindrical heat source covered by an insulating sheath and buried in a homogeneous isotropic medium (Carslaw and Jaeger, 1959) . We will regard the cylindrical heat source of external radius a (m) as a perfect conductor of thermal capacity per unit cable length S (J m −1 K −1 ) and we will assume that the insulation has negligible thermal capacity and thermal resistance per unit cable length R (K W −1 m −1 ); the properties of the soil surrounding the cable are the thermal conductivity λ (W m −1 K −1 ), the volumetric heat capacity C (Jm −3 K −1 ), and the thermal diff usivity K = λ/C (m 2 s −1 ).
Assuming a constant heat source of strength Q (W m −1 ) per unit cable length, the temperature increment with respect to the initial temperature is (Carslaw and Jaeger, 1959) 
where t is the elapsed time since the heating started,
and 2 2
where J n (u) and Y n (u) are the Bessel functions of order n of the fi rst and second kind, respectively. For τ >> 1, Eq.
[1] can be written as,
where c = 1.7811 = exp γ, and γ = 0.5772... is the Euler-Mascheroni constant. At the lowest order in τ and aft er some simple manipulations, we obtain 2 4 ( ) ln( ) 2 ln , 4
which shows that the temperature increment depends logarithmically on time when t >> a 2 /K and that the eff ects of the insulating sheath do not aff ect the proportionality constant, Q/4πλ, which depends only on the heat source and on the thermal conductivity of the medium. Analogously to the classical Cooper-Jacob method for pumping-test interpretation (see, e.g., Bear, 1979) , Eq.
[8] allows estimating the thermal conductivity of the soil from the slope of the linear regression between the temperature increments, ΔT, and the logarithm of time, ln(t). Once the thermal conductivity has been estimated, the thermal diff usivity K can be obtained from the intercept of the linear regression if h and a are known; and from the diff usivity one can calculate the volumetric heat capacity, C. For a heat source of fi nite duration Δt h , the problem can be divided into a heating phase, 0 < t < Δt h , in which the solution is again given by Eq.
[1], and a cooling phase, t > Δt h , in which the temperature increase can be written as a superposition of two solutions, one with positive and the other with a negative heat source, i.e.,
where Δτ h = KΔt h / a 2 is the dimensionless heating time. Th e second term in Eq.
[9] represents an imaginary cooling, which is necessary to obtain a zero heat source term aft er heating ceases. At later time, t >> (a 2 / K) + Δt h , G(h, β, τ) and G(h, β, τ − Δτ h ) can be asymptotically expanded for large τ and τ − Δτ h , respectively, which yields, at lowest order and aft er some manipulations,
Equation [10] shows that the long-time analysis of the cooling phase allows the estimation of the thermal conductivity from the slope of the linear regression between ΔT and ln[t/(t − Δt h )]. Th e fi rst neglected term is
which is proportional to 1/τ 2 and approaches zero faster than the fi rst neglected term in Eq.
[8], which is proportional to 1/τ (see Eq.
[7]). Th is indicates that the solution for the cooling approaches the asymptotic limit (Eq.
[10]) more rapidly than the heating solution.
We observe that this analysis does not allow estimating the heat capacity. If Eq.
[8] and [10] are applied to pre-asymptotic data, the probe method leads to a systematic underestimation of the thermal conductivity (see, e.g., Bristow et al., 1994) . Van der Held and Van Drunen (1949) have proven that this issue can be reduced by adding a time correction, t 0 , to the argument of ln(t) in Eq.
[8] which reduces the diff erence with the exact solution, Eq.
[1], and allows improving the estimate of the thermal properties from nonasymptotic measurements. deVries (1952) applied a similar strategy to analyze data from a cooling event and added a time correction, t 0 , in Eq.
[10] obtaining
Once t 0 is determined, the thermal conductivity can be inferred from the slope of the linear regression between ΔT and ln[(
Es ma on of the Water Content from the Thermal Conduc vity
With the probe method presented in the previous section we have at our disposal two strategies to estimate the thermal conductivity from the temperature response of the soil: one is based on the analysis of the heating phase and allows, in principle, also the estimation of the volumetric heat capacity; the other is based on the analysis of the cooling phase. As both the thermal conductivity and the volumetric heat capacity of the soil depend on the soil moisture, it is possible to infer the water content from the estimated thermal properties when reliable constitutive relationships are available. Despite the advantages of retrieving the soil moisture from the volumetric heat capacity (Bristow et al., 1993) , an accurate estimate requires knowledge of the inner cable radius and of the thermal resistance of the insulator, and a suffi ciently long heating time, which might perturb the soil state by providing a large amount of energy. More fundamentally, the exponential dependence of the heat capacity on the intercept of the linear regression requires an unrealistically precise estimate of the intercept to obtain reliable volumetric heat capacity. For these reasons, we concentrate on the use of the thermal conductivity to infer the water content.
Several constitutive relationships to describe the dependence of λ on the volumetric water content (from now on also indicated with θ) exist (see, e.g., Johansen, 1975; Chung and Horton, 1987; Côté and Konrad, 2005; Lu et al., 2007; Jougnot and Revil, 2010) . Here we employ the model from (Lu et al., 2007) (Fig. 1 ) that expresses the thermal conductivity of moist soil as
where λ dry and λ sat are the thermal conductivities of the dry and saturated soil, respectively:
is the Kersten number (Johansen, 1975) ; θ sat the saturated volumetric water content; and α a parameter that depends on the soil texture.
Error Analysis
Inferring θ from the temperature response to heating involves two steps: the fi rst requires the estimation of λ from the analysis of the temperature increment as a function of time; the second requires the use of constitutive relationships linking λ to θ. To assess the accuracy of the measurements it is important to quantify how the errors propagate from the estimated linear-regression parameters to θ. Given a linear relationship between ΔT and ln(t),
, a simple linear regression provides the parameters m and b (the slope and the intercept, respectively) of the straight line that minimizes the sum of the squared residuals. Assuming a negligible error on the time, the variance of the measured temperature increments is
where the subscript i denotes the ith measurement, and x i = ln(t i ) for the analysis of the heating phase,
for the analysis of the cooling phase with and without time correction t 0 , respectively. Th e uncertainty on the slope and the intercept is obtained by propagating the uncertainty on the temperature increments, which yields 
Propagating the uncertainty to thermal conductivity we obtain
which shows that the relative error on the thermal conductivity is simply equal to the relative error on the slope, when the relative error on the heat-source strength σ Q /Q is negligible. On the other hand, the relative uncertainty on the volumetric heat capacity calculated by standard error propagation through Eq.
[8], (see, e.g., Taylor, 1997) is Lu et al. (2007) . Th e black dots represent the points acquired in laboratory using the Multi-Function Heat Pulse Probes. Th e blue dashed line is the curve with the standard value α from Lu et al. (2007) for fi ne soils. Th e solid line is the best fi t of the black dots, with parameter α Fit . Th e values of θ sat , θ res , λ sat , λ dry , α, and α Fit are listed in Table 1 .
which is always larger than the relative error on λ. Notice that the relative variances of the slope and the intercept are amplifi ed by a factor (b/m) 2 . Th e exponential dependence on the ratio b/m, as given by Eq.
[8], brings this term to be a multiplier of the uncertainty, unavoidably leading to large errors whenever the ratio is not small. Moreover, an accurate estimate of C requires an accurate measurement of the (small) external source radius, a, and of the thermal resistance of the insulator, R. Propagation of σ λ through Eq.
[13] provides the uncertainty σ θ on the retrieved values of θ.
Assuming unaff ected by error the values of λ dry and λ sat , the error on the volumetric water content is e 1 1 1 e e sat dry
which shows that the error on λ is amplifi ed in regions of large water content, where dλ/dθ is small.
Experimental Setup
The Lysimeter and the Soil Th e deployment of a fi ber optic cable has been performed in a weighable lysimeter at EPFL (Fig. 2) . Th e lysimeter, a polyester tank of height 2.50 m and diameter 1.20 m, is placed on three high-accuracy loading cells (not used in this work). Th e top of the lysimeter is fl ush with the surrounding soil surface and exposed to meteorological forcing. Th e bottom of the lysimeter has been prepared with a fi lter consisting of 0.25 m of gravel topped with 0.25 m of coarse sand. Th e remaining 2 m have been fi lled with an alluvial loam from Conthey, VS, in southern Switzerland. To obtain as homogenous as possible packing, the lysimeter was fi lled through successive steps each involving a gentle deposition of soil followed by several saturation-drainage cycles in an attempt to achieve ideal settling. During the fi lling, the lysimeter was equipped with nine capacitance-based 5TM probes (Decagon Device Inc.) and nine type T (copper-constantan) thermocouples, which were placed in the soil at the nine different depths (see Fig. 2 ). Data were collected every 60 s by a Campbell CR5000 datalogger for the 5TM probes and by a solid state multiplexer for thermocouples (Campbell AM25T) and directly transferred to a PC installed in the basement. Several soil samples were taken to determine particle size distribution, bulk density, porosity, and residual water saturation (Table 1) . Th e dry-soil, λ dry , and saturated soil, λ sat , thermal conductivity were measured in small samples fi lled with oven-dried and saturated soil, respectively, by means of two fi ve-needles multifunction heat pulse probes (MFHPP) (Mori et al., 2003; Kamai et al., 2008) ; the measured values are in good agreement with the values reported by Lu et al. (2007) for a similar type of loam. Independent measurements of λ at different soil saturations were also obtained with the same technique employed for λ dry and λ sat . A calibrated Lu model was obtained by fi tting the experimental data with the free parameter α Fit and values λ dry and λ sat from the laboratory measurements. In Fig. 1 , the calibrated Lu curve is compared with a curve employing the standard value of α for fi ne soils from Lu et al. (2007) . Th e similarity between Conthey loam and fi ne-textured soils is due to the high fraction of fi ne particles (smaller than 200 μm) and the low bulk density, which is much closer to silt and clay than to pure sand (see, e.g., Lu et al., 2007) . We observe small diff erence between the two curves at medium water contents [between 0.2 and 0.3 (m 3 m −3 )], where the inferred θ can diff er by 0.04 (m 3 m −3 ) depending on the curve employed. Th is suggests that Lu's model with standard values of α provides a good approximation and can be used to estimate the water content Fig. 2 . Th e EPFL weighable lysimeter has been equipped with several sensors during the campaign of summer 2010. Th e optical fi ber (sketched with a blue line) is installed in the lysimeter forming nine loops at approximate depth indicated in the drawing. To obtained independent volumetric water content measurements, 5TM probes (represented by small prongs) are also installed in the lysimeter at depths 0.3, 0.8, 0.13, 0.18, 0.25, 0.35, 0.45, 0.60, and 1 m. ¶ Lu et al. (2007) . with a reasonable accuracy in cases where a specifi c calibration of the model is not available. All soil parameters relevant for this study are summarized in Table 1 .
DTS and Op cal Fiber
Th e optical fi ber was installed during the lysimeter fi lling. Th e cable used (BRUsteel from Brugg Cable) consists of a stainless steel loose tube containing four multimode 50 μm cores and 125 μm cladding fi bers; it is armored with an outer sheath of interlaced metal wires, which guarantees fl exibility and high protection in outdoor applications, and covered by a polyamide jacket for thermal and electrical insulation. Th e external cable diameter is 3.8 mm and the total cable length is 280 m. Figure 3 shows the diff erent layers characterizing the composite structure of the fi ber cable. Th e fi ber optic cable is connected to a DTS ORYX (Sensornet Inc.) which employs a laser pulse time of 10 ns corresponding to a spatial resolution of 1 m, and acquires measurements at a frequency of 1/15 Hz. About 32-m of fi ber optic cable were buried in the lysimeter during the fi lling starting at from depth of 0.94 m from the surface. Th e cable was installed in a long spiral consisting of twelve rings of approximate diameter 0.72 m; the vertical distance between rings decreases approaching the surface as sketched in Fig. 2 . To preserve the shape and the depth of the spiral, the fi ber has been wound around some thin bamboo sticks that were temporarily inserted in the soil and removed at the end of the fi lling (see Fig. 4 ). Th is technique avoided the presence of a permanent rigid structure in the lysimeter that could potentially disturb the packing, but the lack of anchorage left the fi ber and the probes free to move during the natural settling that unavoidably occurred with time and exposure to meteorological conditions (rainfall, wind, evaporation). Since a subsidence of about 0.05 m was observed during the 3 mo between the end of the fi lling and the experiments, a depth uncertainty of about 0.02 m can be realistically estimated with respect to the value reported in Fig. 2 . Before entering and aft er exiting the soil, the cable was immersed in two calibrating baths placed in the basement: a cold bath consisting of ice at temperature −0.4°C and a warm bath consisting of water mixed through an aquarium bubbler and kept at 21°C by a thermistor. Th e temperatures of the baths were monitored by two PT100 (Campbell Sci.) and the averaged temperature recorded over the entire duration of the experiment (about 24 h) was used to calibrate the optical fi ber. Th e use of cold and hot baths allowed calibrating both the off set and the slope. We have observed a deterioration of the declared sensitivity of the DTS ORYX (0.1°C), which has been estimated of the order of ±0.4°C based on the temperature fl uctuations in the calibrating baths (see Fig. 5 ). Th is sensitivity loss can be due, for instance, to slight diff erences in the vibrational energy between the molecules that cause a broadening of the Stokes and Anti-Stokes Raman peaks; to the diff erential attenuation that leads to changes in the input-output intensity ratio; or to the intensity loss in the transmission due to the splicing between the connectors and the fi bers.
Fiber Hea ng and Probe-Method Measurements
To generate the heat source necessary for the probe method, the metal sheath was heated allowing an electric current to flow through the buried portion of the cable. A few centimeters of the Polyamide cover were removed at the two points immediately outside the soil; two small battery clamps were fi xed to the uncovered metal sheath of the BRUsteel and plugged to the domestic electric network at 230 VAC. To avoid shock risks, the clamps were put in two boxes for electric cable fi lled with foam for thermal insulation. To reduce both the applied voltage and the current intensity along the sheath, a power consumer with two regulations was connected to the circuit. A switch allowed the electric current to start/stop, while a Voltmeter and an Amperometer monitored voltage and current intensity, respectively. Of the six heating events performed over a 24-h period (from the aft ernoon of 28 October through the morning of 29 Oct. 2010), three had an electrical voltage of 63 V and three a more intense voltage of 115.6 V. Since the measured resistance of the metal sheath is 0.365 Ω m −1 , the dissipated power can be calculated to be about 11 W m −1 and 36 W m −1 for the low and high voltage events, respectively. Th ese powers are of the same order of magnitude as those applied by Weiss (2003) and Sayde et Fig. 3 . Th e BRUsteel cable. From left to right: the nylon jacket (1), the inter-laced steel wires (2), the stainless steel loose tube (3), the four multimode fi bers (4). In (3) is applied the electrical heating. From Brugg Cables (http://www.bruggcables.com), technical sheet of the BRUsteel fi ber cable. Fig. 4 . Installation of the fi ber optic cable. During uniform packing of the lysimeter, the soil is saturated and the fi ber optic cable is wrapped around a bamboo-stick structure, which is removed aft er fi lling. al. (2010), i.e., 20 W m −1 . All heating events lasted Δt h = (120 ± 1) s and were followed by long cooling periods.
Results
Temperature Measurements during Hea ng and Cooling
Th e temperature profi le along the whole fi ber optic cable length is shown in Fig. 5 for several times during one of the heating events. From the profi le, the calibrating baths are clearly visible, and it is possible to identify the heated portion of the cable as the section between the lengths 219 m and 250 m. Due to the partial burial of the fi ber optic cable, the two extreme values of this portion are excluded from the following data analysis. Th e length of the fi ber considered is therefore 30 m (larger fi ber-length values correspond to deeper soil). In this section, the temperature response of the soil to the heating is clearly visible, and shows a more rapid increase and larger temperature increments close to the surface. Th is indicates a lower thermal conductivity near the surface, which is consistent with the typically lower volumetric water content of the shallower soil. An example of measured temperature-increment profi les along the buried section of the fi ber optic cable during cooling is shown in Fig. 6 . As in the heating phase, the shallow soil displays a reduced ability to transfer heat and the temperature relaxation to its value before heating is slower. Compared to the heating phase which has a duration of 120 s, the cooling phase is longer 300 s aft er heating stopped the temperature-increment is still well-visible. Aft er 800 s, the temperature-increment reduces to zero almost everywhere, except close to the surface where a small positive increment is detectable. The temperature increments observed during our experiments were of the same magnitude as those measured in other studies (e.g., Weiss, 2003 and Sayde et al., 2010) . Note that the temperature measured by the optical fi ber during heating and cooling is not the temperature of the soil. Due to the presence of the polyamide jacket, which acts as an insulation layer (see Estimation of Th ermal Properties by the Probe Method), the actual temperature increment in the soil is smaller and it is unlikely that it can induce rapid water redistribution around the fi ber optic cable.
Determina on of the Thermal Proper es by the Probe Method
Th e soil-temperature response to the heat pulse is used to determine the thermal properties of the soil. Th e probe method can be applied both to the heating and the cooling phase by employing the asymptotic solutions for late time (Eq. [8] and [10], respectively). For the data collected in this experiment, a tentative analysis of the heating phase showed that the duration Δt h = 120 s was too short to approach the asymptotic solution. Th is was verifi ed by plotting ΔT(t i ) − ΔT(t i−1 )/ln(t i )−ln(t i−1 ) as a function of ln(t i ) for all the times t i at which temperature measurements were available (seven per heating event). Th is diagnostic plot (not presented here) showed that this quantity was decreasing during the entire heating phase, which indicates that the asymptotic solution was not approached within 120 s. In contrast to the heating phase, the cooling phase offers the advantage of longer duration and more rapid approach to the asymptotic solution (see the discussion at the end of Estimation of Th ermal Properties by the Probe Method, which shows how the fi rst term neglected is order lnτ/τ 2 instead of order lnτ/τ). On the other hand, the signal-to-noise ratio tends to decrease at later time, such that the fi rst point to be included in the linear regression to estimate the thermal conductivity has to be carefully chosen. Th e diagnostic plot employed for the heating phase is not eff ective for the cooling phase because the diff erences T (t = 0) , measured by the fi ber optic cable during cooling (heat pulse stopped at Δt h = 120 s). Th e dashed line highlights the interface between two zones showing different responses to the heat pulses: in the shallower zone (approximately the initial 9 m of the buried fi ber) temperature sensitively increases during heating, whereas the deeper zone shows a limited temperature increment. between temperature increments become very small for t >> Δt h due to the unfavorable signal/noise ratio. To verify the degrees of accuracy of the asymptotic approximation, we compare the thermal conductivity values obtained considering only temperature increments measured aft er a threshold time, t thr > Δt h . By increasing the threshold, the estimated values of thermal conductivity tend to the asymptotic value, whereas the uncertainty increases due to the fewer data points employed and, most importantly, to the deterioration of the signal/noise ratio. Th e diagnostic plots for the linear regressions of the three cooling events yielded similar results and revealed a good repeatability of the experiment, which is a direct consequence of the minor water-content variations over the entire period. As the three cooling events yielded statistically consistent estimates, we decided to perform a simultaneous linear regression of all data, which allows a signifi cant reduction of the statistical uncertainty by increasing the number of data points. All the results presented in the remainder of the paper are obtained by simultaneous analysis of the three cooling events. Figure 7 shows the diagnostic plot from simultaneous linear regression of the three cooling events. Th e thermal conductivity is plotted as a function of the threshold time (i.e., as a function of the time from which temperature increments are included in the linear regression) for two representative meters of fi ber, one close to the surface and the other close to the bottom of the spiral of fi ber optic cable. For both fi ber intervals, the estimated thermal conductivities initially grow when the threshold time is increased, which indicates that the temperature increment is not yet asymptotic and that the thermal conductivity is systematically underestimated. Aft er a certain threshold time, the estimated thermal conductivities remain constant within statistical uncertainty. Th e threshold aft er which the estimated λ values remain constant is the optimal starting point, because it is consistent with the assumption that the solution is asymptotic and allows to minimize the uncertainty propagation to the slope which tends to rapidly grow if the threshold is raised further. Indeed, as it is evident from the error analysis in Error Analysis, the points characterized by larger x i = ln[t i /(t i − Δt h )] are more eff ective in reducing the propagation of the variance of the measured temperature increments to the uncertainty of m (Eq. [15] and [17] ); in contrast the use of points characterized by small x i = ln[t i /(t i − Δt h )] leads to small Δ (Eq. [17] ). (Note that a smaller slope uncertainty does not necessarily mean that the hypothesis of linear dependence is better satisfi ed, as it is evident from Fig.  7) . Th e threshold values are 170 s and 90 s for the shallower and the deeper fi ber meter, respectively. Th e diff erent thresholds for the shallower and deeper measurements is due to the fact that, for the solution to be asymptotic, we have to require that t − Δt h >> a 2 c/λ, and shallower soil is drier and has lower λ. According to the results of the diagnostic plot, Fig. 7 , and to account for the diff erence between dry and wet soil, we have chosen a threshold of 170 s for the fi rst 9 m of optica fi ber (in dryer soil) and a threshold of 90 s for the remaining part of the fi ber. Th e estimated thermal conductivities are plotted in Fig. 8 (blue squares) as a function of the fi ber length and show an abrupt transition from a region of lower to a region of higher thermal conductivity around the 0.2-m depth.
Determina on of Thermal Proper es with Time Correc on
If the asymptotic limit of Eq. [9] is not yet reached, the analysis above leads to a systematic underestimation of the thermal conductivity as it can be clearly observed from Fig. 7 . Since the diagnostic plot suggests that the data are not yet strictly asymptotic, we repeat the analysis introducing a time correction, t 0 , in Eq.
[11] (Van der Held and Van Drunen, 1949; deVries, 1952) . Th e standard method to infer t 0 , which is based on an analysis of the increment ratio Δt/ΔT (see, e.g., Van der Held and Van Drunen, 1949) , has proven inapplicable to our data due to the large fl uctuations of the increment ratio at later time. Th erefore, we proceed diff erently and perform a nonlinear regression of ΔT as function of t with two free parameters, t 0 and λ. (For this purpose we have used the nonlinear-regression package cft ool of MATLAB; http:// www.mathworks.ch/help/toolbox/curvefi t/cft ool.html; accessed February 2012 ). Th e uncertainty on λ (indicated by the error bars in Fig. 8) is calculated from the equations presented in the Error Analysis section assuming that the uncertainty on t 0 can be neglected. As for the case without time correction, we determine the optimal threshold time from a diagnostic plot analogous to the one in Fig. 7 . Th e threshold time, t thr , is determined independently for each meter of the optical fi ber and varies between 45 s and 100 s in shallower soil (above the abrupt transition in thermal conductivity), and between 15 s and 45 s in deeper soil. Th e values of t 0 are all negative and range from −26 to −66 s close to the surface, and from −12 to −24 s toward the bottom of the fi ber optic cable coil. Note that these threshold times are signifi cantly shorter than those from the analysis without t 0 , indicating that earlier data can be employed to obtain an accurate estimate of the thermal conductivity. Negative values of the time correction, t 0 , in Eq. [11] have also been found in previous studies (e.g., Van der Held and Van Drunen (1949) and Bristow et al. (1994) ) and confi rm that the data analyzed are not yet asymptotic. More negative values close to the surface indicate that in dry conditions the asymptotic regime is reached later than in wet conditions, when the time corrections are closer to zero. Th e results of this analysis are plotted in Fig. 8 and show that the estimated thermal conductivity is systematically larger and the statistical error signifi cantly reduced compared to the results obtained without time correction.
Es mate of the Volumetric Water Content
According to the constitutive relationships in Fig. 1 , the variation of thermal conductivity along the fi ber indicates the presence of a variably wetted soil (under the assumption of constant soil texture and bulk density), with a clear distinction between the drier zone around the initial nine meters of fi ber optic cable (shallower soil) and the wetter zone (deeper soil). Th e volumetric water contents obtained by inverting the calibrated Lu's model (solid line in Fig. 1 ) are presented in Fig. 9 as a function of the fi ber depth, which has been estimated from the geometry of the coil. Th e error bars indicate the error propagation obtained from Eq. [20] . Th e error on θ is smaller in the dryer region, grows in the wet region, and exhibits a maximum at about 0.54 to 0.58 m from the surface for both cases. Th is larger error is due to the dependence of σ θ on |dK e /dθ| −1 (Eq.
[20]) which amplifi es the uncertainty in a region where the constitutive relationship is rather fl at. In Fig. 9 the results obtained both with and without time correction are compared with the volumetric water contents independently measured by nine 5TM probes. Th e analysis without time correction t 0 yields a systematic underestimation of the water content, whereas the agreement between DTS and 5TM probes is substantially improved when t 0 is introduced. In particular, between 0.2 and 1 m the agreement is excellent, with an accuracy of 0.04 (m 3 m −3 ) in the worst case at the 0.6-m depth. At depths shallower than 0.2 m, both analysis (with and without time correction) noticeably underestimate the volumetric water content.
Conclusions
Th rough analysis of the cooling phase of a heated optical fi ber we have estimated the thermal conductivity of the soil and inferred the volumetric water content. Th e approach relies on the use of asymptotic solutions for the propagation of heat and on the availability of reliable models (Lu et al., 2007) to relate thermal conductivity and soil moisture. Comparison with independent measurements of soil moisture (obtained using 5TM probes) demonstrated that AHFO measurements underestimate the water content in drier soils. Th is is due to the longer time required for the temperature increment to become asymptotic in poorly conductive media. In wetter soils, however, the estimation of volumetric water content was excellent. In this region, the introduction of a time correction allows to reduce the statistical uncertainty of volumetric water content measurements below 0.02 (m 3 m −3 ). For future application of the AHFO method, there are areas for improvement. One should make use of longer heating and cooling events to allow a more sound application of the asymptotic solutions to the temperatureincrement evolution in dry soils. Note that the asymptotic analysis off ers the advantage of not requiring one to account for the eff ects of the polyamide insulator. Th e BRUsteel cable consists of a central steel loose tube protected by steel interlaced wires and by 0.3 mm of nylon jacket. Th e eff ect of this composite structure has been clearly observed at early time when the measured temperature increment was uniform along the entire cable and infl uences the behavior of pre-asymptotic temperature increments. To reduce the statistical uncertainty of the method and the error propagation on the estimated volumetric water content ideally more data points should be used in the linear regression. Th is can be addressed in practice by allowing for longer heating and cooling phases and making use of DTS devices that measure with higher frequency Fig. 9 . Volumetric water contents at diff erent depths estimated from thermal conductivities by inversion of the Lu et al. (2007) model with calibrated parameter α Fit for the case of λ inferred with t 0 (diamonds) and without (squares). Circles represent the independent 5TM measurements. Fig. 8 . Estimated thermal conductivities as a function of the fi ber length in the case with time correction t 0 (red diamonds) and without (blue squares). than the one employed in the present study. Th e results presented here are very encouraging and demonstrate that the error can be reduced and a good estimate of volumetric water content can be obtained in wet soils by employing a time correction. Future studies should allow for longer heat pulses to improve the signal/noise ratio. Th is will also require an assessment of the effects of larger heat supply on soil water redistribution.
